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1. Introduction

Thyroid hormone secretion by follicular cells is mainly regulated by thyroid-stimulating
hormone (TSH) from the pituitary gland, which in turn is controlled by thyrotropin
releasing hormone (TRH) of hypothalamic origin. However, there are a number of
additional endocrine mediators, such as estrogens and corticosteroids, which are also
involved in the regulation of the biosynthesis of T3 and Ts. Besides this extrathyroidal main
regulation, thyroid function and growth are under the influence of intrathyroidal peptides.
Thus, there is evidence of the role played by some local factors released by nerve endings,
such as vasointestinal peptide (VIP) or neuropeptide Y [1], by follicular cells themselves,
such as insulin-like growth factors (IGFs) [2], and, specifically, by C cells through a
paracrine mechanism, acting locally upon neighboring follicular cells [1]. This last
intrathyroidal mechanism of regulation of follicular-cell activity by C cells is the main
subject of the present review.

2. Histological organization of the thyroid gland

The thyroid gland consists of two lobes connected by a narrow band of thyroid tissue called
the isthmus, located in the midportion of the neck, immediately in front of the larynx and
trachea. Each lobe of the thyroid gland consists of numerous follicles, the thyroid follicles,
which constitute the structural and functional unit of the gland. Each follicle consists of a
simple layer of cuboidal epithelial cells, the follicular epithelium, enclosing a central lumen
containing a colloid substance rich in thyroglobulin, an iodinated glycoprotein, yielding a
periodic-Schiff (PAS)-positive reaction. The shape of the normal follicles varies from round
to oval and they show a considerable size variation depending on the degree of gland
activity (Figure 1).
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52 Thyroid Hormone

The thyroid follicles are composed of two different endocrine cell populations: (1) the
follicular cells, the most abundant endocrine cells in the gland and responsible for secreting
Ts and T4, hormones that control the basal metabolism; (2) C cells or parafollicular cells,
which are very scarce and mainly known for producing calcitonin (CT), a hypocalcemic and
hypophosphatemic hormone (Figure 1).

_Ccells

Follicular cell:

Figure 1. Schematic diagram of the histological components of the normal thyroid gland.

2.1. Embryological development of the thyroid gland and origin of C cells

The thyroid gland has a dual embryonic origin. Most of the thyroid gland derives from the
medial anlage, a ventral outpocketing of the foregut endoderm at the level of the first pair of
pharyngeal pouches. The medial anlage appears as a bilobulate vesicular structure at the
foramen caecum of the tongue. It then descends as a component of the thyroglosal duct to
reach its definitive position in the neck. After involution of the thyroglosal duct, the thyroid
anlage begins to expand laterally to form two lateral lobes and a medial isthmus between
them. Consequently, the medial anlage gives rise to most, if not all, of the follicular
epithelium [3].

On the other hand, C cells derive from the ultimobranchial bodies (UBB), two outpocketings
of the forth-fifth pharyngeal pouch complexes that lose their connection and migrate
centrally to fuse with the medial thyroid anlage. Fusion typically occurs slightly above to the
middle of the lateral lobes. After incorporation into the larger medial anlage, cells of the
UBB disperse into the surrounding thyroid tissue and give rise to C cells. UBB may also
contribute to the formation of a minimal part of thyroid follicular cells [4]. Finally, portions
of the UBB persist in the postnatal thyroid glands as small cystic structures -the
“ultimobranchial follicles”- in rodents [5], or as “solid cell nests” in humans [6]. Estimates
of the relative contributions to thyroid weight from the lateral anlage range from less than 1
to 30% in humans [7]. In non-mammal vertebrates, the embryonic thyroid and UBB develop
as separate structures, thus, C cells are confined to the ultimobranchial glands derived from
the UBB, where they secrete calcitonin [8].
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Since Le Douarin and Le Lievre study [9] confirmed, using chick-quail chimeras, that avian
ultimobranchial C cells originate from the neural crests, it was assumed, without much
supporting evidence, that mammalian thyroid C cells also originate from the neural crest via
the UBB. Nevertheless, the neuroectodermical origin of C cells in mammals is currently a
controversial subject. In fact, Kameda et al. [10] have recently presented evidence that
murine C cells are derived from the endodermal epithelial cells of the last pharyngeal pouch
-UBB- and do not originate from neural crest cells.

2.2. C cells as a member of the Diffuse Neuroendocrine System

Classically, C cells formed part of the APUD system (term created by Pearse in 1966 [11]
from the initial letters of Amine Precursor Uptake and Decarboxylation), a collection of cells of
neuroectodermal origin, characterized by having as their primary function the production of
endocrine peptides which are stored in secretory granules, and the common possession of a
number of cytochemical and ultrastructural properties, in whatever situation they occur.
Subsequently, further evidence indicated that only very few of the original series of APUD
cells were definitively derived from the neural crests.

Nevertheless, according to Pearse [12], whenever APUD cells occur they could properly be
regarded as “neuroendocrine cells” for synthesizing peptides (neuropeptides) common to
both the nervous and endocrine systems. Additionally, as not all of these cells accumulate
amine precursors, the designation APUD was finally replaced by Pearse in 1977 [12] with a
new concept, the Diffuse Neuroendocrine System (DNES). The DNES includes, besides C cells,
gastroenteroendocrine cells, pancreatic islet cells, bronchopulmonary and urogenital
endocrine cells, adenohypophyseal cells, parathyroid cells and chromaffin cells of the
adrenal medulla, carotid body, and sympathetic ganglia [13].

2.3. Normal morphology and distribution of C cells

C cells represent the neuroendocrine cells that produce calcitonin in the thyroid gland. Since
their discovering by Baber in 1876, these cells have been given many different terms.
However, the two most common denominations employed are C cells and parafollicular cells.
The name “C cell” was coined by Pearse in 1966 and it is reflective of calcitonin production;
this term is preferred to that of “parafollicular cell” as these cells are not always related to
follicles in parafollicular position and may, furthermore, be found outside the thyroid gland,
unrelated to follicles, as occurs in the ultimobranchial glands in non-mammal vertebrates [11].

C cells are difficult to identify in formalin-fixed, paraffin-embedded sections stained with
H&E. Generally, their nuclei are somewhat larger and paler than those of follicular cells.
Therefore, the most reliable procedure for the identification of C cells involves the use of
immunohistochemical procedures with antibodies for calcitonin (Figure 2).

C cells have variable shapes ranging from polygonal to spindled. The location of C cells
relative to follicular cells also varies. They may be found between follicular cells or
completely peripheral to the follicular epithelium. C cells are typically separated from the
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colloid by the cytoplasm of follicular cells and the basal aspects of C cells are usually in
contact with follicular basal lamina. Occasionally, C cells emit cytoplasmic processes that
surround adjacent follicular cells (see Figure 3). At ultrastructural level, many dense
secretory granules are observed in the cytoplasm of C cells [13, 14].

A \
Figure 2. Visualization of C cells using an immunohistochemical method for calcitonin. (A) Human

thyroid gland; (B) Rat thyroid gland. C cells are more abundant in rat in comparison with the human
thyroid gland. 200x.

Figure 3. Immunohistochemical demonstration of C cells in the normal rat thyroid gland. (A)
Immunostaining for calcitonin followed by the PAS method for carbohydrates. (B) Double
immunostaining for calcitonin (red) and somatostatin (brown). In Fig.A, the “parafollicular” ubication
of C cells can be observed. In Fig. B, all C cells are immunostained for calcitonin but only very few of
them are also immunopositive for somatostatin. This somatostatin-positive C cell exhibits a
cytoplasmatic process surrounding neighbouring follicular cells. (x500).

The distribution of C cells within the thyroid lobes has also been reported to vary among
species. In most species, C cells are located primarily in the centre of thyroid lobes,
including humans [15, 16], mice [17], rats [18] and rabbits [17]. The area where C cells
predominate has been termed as ‘C-cell region’ [19], which is also the place where the most-
active follicles of the gland predominate [20]. In general, portions of the thyroid containing
the highest concentration of C cells correspond to the typical fusion sites of between the UBB
and the medial thyroid anlage. As another reminder of their embryonic origin, C cells could
also be located within the parathyroid gland and thymus in some species, such as rabbits
and cats [17].
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The ratio of C cells to follicular cells in the thyroid gland differs markedly among species. In
humans, C cells comprise less than 1% of the total endocrine-cell population [21], while the
proportion of C cells to follicular cells is at least 5% in rats [18]. Furthermore, C cell
concentration may vary according to age. In humans, however, data are very contradictory:
Wolfe et al. in 1974 found that the number of C cells per unit area appeared to decrease
with age [15], while Gibson et al. in 1982 found an age-dependant increase in C cells [16]. In
contrast, thyroid glands of adult rodents have clearly more numerous C cells than those of
neonates [14, 18].

2.4. Substances synthesized by C cells

The C cells share with other neuroendocrine cells the expression of different characteristic
neuroendocrine markers, such as chromogranin, synaptophysin and NSE, with
chromogranin A as the most reliable marker generally used to characterize cells of DNES
(see Figure 4). Most of those neuroendocrine markers are shared with different populations
of nervous cells (Table 1).

Neuroendocrine markers Species Authors

NSE (Neuron-Specific Enolase) Human Lloyd et al. 1983 [22]

PGP 9.5 (Protein Gene Product 9.5) Human Thompson et al., 1983 [23]

Chromogranins (A, B) Human © C'onnor etal, 1983 [24, 25]);
Weiler at al., 1989 [24, 25]

7B2 protein Human, rat, pig Marcinkiewicz et al., 1988 [26]

Synaptophysin Human Weiler at al., 1989 [25]

Secretogranin-II/chromogranin C Human Weiler at al., 1989 [25]

Secretoneurin Human Schmid et al., 1995 [27]

MMP-2 and MMP-9 Human Tomita, 1997 [28]

SV2 (Synaptic Vesicle Protein 2) Human Weiler at al., 1989 [25]

PC1 and PC2 (Prohormone Convertases) Mouse Kurabuchi et al., 2002 [29]

Table 1. Characteristic substances identified in different neuroendocrine cells, including C cells,
according to a chronological order.

In addition to calcitonin, C cells may also contain many other regulatory peptides (Table 2),
such as calcitonin gene-related peptide (CGRP) [30], katacalcin [31] or GRP [32].
Somatostatin has also been identified within C cells of most species. In the adult rabbits, bats
and guinea pigs, most calcitonin-positive cells also contain somatostatin; however, in adult
human and rat thyroid glands, only a small proportion of the calcitonin-positive cells are
also somatostatin positive [33]. Similarly, peptides including neuromedin U [34] and
helodermin-like peptide [35], have been demonstrated to colocalize with CT in normal C
cells. Lately, a new generation of regulatory peptides, similar to those characteristically
found in some hypothalamic nuclei, such as TRH [36], CART [37] or ghrelin [38], has
increased the long list of substances synthesized by C cells.
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Figure 4. Immunohistochemical demonstration of chromogranin A (A), calcitonin (B) and CGRP (C) in
consecutive sections of the rat thyroid gland. All C cells express the different markers, being slightly
less intense CGRP-positive C cells. (x400).

Regulatory factors Species Authors
Calcitonin (CT) e, dlas E})t;s],solatl and Pearse, 1967
Somatostatin Mammals Kameda et al., 1982 ([33]
Katacalcin-I/CCP-I/PDN-21 Human Ali-Rachedi et al., 1983 [31]
CGRP (Calcitonin Gene-Related Mammals Sabate et al., 1985 [30, 40];
Peptide) Kameda, 1987 [30, 40]
Serotonin Sheep Barasch et al., 1987 [41]
GRP (Gastrin-Releasing Peptide) = Human Sunday et al., 1988 [32]
Helodermin-like peptide Human, rat, pig, dog, etc. Grunditz et al., 1989 [35]
CCK/ C-terminal gastrin Rat Arias et al., 1989 [42]
TRH (Thyroid Releasing Hormone) Rat Gkonos et al., 1989 [36]
Neuromedin U Rat Domin et al., 1990 [34]
P-1I (CT }
CCP-IL(CT Carboxyl terminal Human Cohen et al., 1992 [43]
Peptide)
PTHrP (Parathyroid Hormone-
related Protein) Sheep Okada et al., 1995 [44]
Melatonin Rat Kvetnoy, 1999 [45]
Neuropéptide Y Human Scopsi et al., 1990 [46]
Ghrelin Rat, human Raghay et al., 2006 [38]
Pneumadin Rat Kosowicz et al., 2003 [47]
CART (Cocaine- and Amphetamine- _ ,
P 1., 2004 [37

Regulated Transcript) ' Wierup et al, 2004 [37]
Motilin Human Xu et al., 2008 [48]
NERP (NeuroE R

(NeuroEndocrine Regulatory \ -\ Matsuo et al., 2010 [49]
Peptide)

Table 2. Regulatory factors identified in the cytoplasm of C cells, according to a chronological order.



Paracrine Regulation of Thyroid-Hormone Synthesis by C Cells

In addition to the regulatory peptide products, C cells also contain a variety of biologically
active amines including serotonin [41] and melatonin [45] (see Table 2). Additionally, C cells
are also implicated in the synthesis of many other different substances, such as tetranectin
[50] or CEA [51] (see Table 3).

Other substances Species Authors

CEA (Carcinoembryonic Antigen) Human Kodama et al., 1980 [51]

Tetranectin Human Christensen et al., 1987 [50]

PAM (Peptidylglycine Alpha-amidating  Rat Braas et al., 1992 [52]

Monooxygenase)

E-cadherin Rat Nishiyama et al., 1996 [10, 53];
Kameda et al., 2007 [10, 53]

NCAM (Neural Cell Adhesion Molecule)  Rat Nishiyama et al., 1996 [53]

RESP18 (Regulated Endocrine-Specific Rat Darlington et al., 1997 [54]

Protein 18)

c-erbB-2-like product Human, Martin-Lacave and Utrilla,

guinea pig 2000 [55]

Table 3. Other substances synthesized by C cells, according to a chronological order.

2.5. Paracrine role played by C cells

Apart from their role in calcium homeostasis, C cells are also probably involved in the
intrathyroidal regulation of follicular cells. This hypothesis is supported by different
features, such as their characteristic “parafollicular’ position, their predominance in the
central region of the thyroid lobe — the so-called “C-cell region” [19]- where the most-active
follicles of the gland predominate [20], and their implication in the secretion of many
different regulatory factors [1, 46, 56]. Some of these regulatory peptides display an
inhibiting action on thyroid hormone secretion, such as calcitonin, calcitonin gene-related
peptide (CGRP) and somatostatin [1], whereas others act as local stimulators of thyroid
hormone synthesis, such as gastrin-releasing peptide (GRP), helodermin, and serotonin [35,
57, 58]. For any of those peptides, a requirement to exert an effective paracrine regulation of
follicular cells is the presence of their specific receptors in this endocrine cell population. At
this point, the existence of some of those receptors on follicular cells, such as somatostatin or
serotonin receptors, has already been described [58, 59]. Furthermore, we have recently
demonstrated the expression of TRH-receptor on follicular cells [60].

There is additional evidence that C cells and follicular cells somehow interact functionally.
Thus, C cells, in the normal-appearing thyroid tissue adjacent to follicular tumours, have
been reported to display reactive changes. These changes may include the development of a
C cell hyperplasia [61] or the presence of an increased percentage of immunopositive C cells
for GRP [32] or somatostatin [62], being the latter a potent inhibitor of TSH-enhanced mitotic
activity and Ts and Ts synthesis by follicular cells. Moreover, we have found hyperplastic
changes in the C-cell population of rat thyroid glands in a model of non-hypercalcemic
hypothyroidism induced by propylthiouracil administration [63]. As we have recently
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demonstrated the presence of TSH receptors on C cells [64], we can infer that those
hyperplastic changes may be due to the corresponding increased TSH-serum levels.
Nevertheless, the influence of local secretion of growth factors by follicular cells themselves,
or by the surrounding tissue could not be discarded.

The main secretagogue of C cells is calcium, which is concordant with the classical role of
calcitonin as a plasma calcium- and bone metabolism-related hormone. Nevertheless, C-cell
activity appears to be subjected to a more complex regulation, for which different regulatory
peptides, either with inhibitory (somatostatin) or stimulatory effect (glucagon, pentagastrin),
have being reported [65]. Furthermore, Suzuki et al. in 1998 [66] reported that C cells
expressed the thyroid transcription factor 1 (TTF-1), which is typically expressed by
follicular cells and known for its critical role in thyroid-specific gene expression. According
to these authors, TTF-1 is calcium-modulated and coordinately regulates genes involved in
calcium homeostasis in C cells. All these data constitute new evidence of interdependence
between the two endocrine cell populations of the thyroid gland.

3. Description of the different regulatory factors synthesized by C cells
and their potential effects on thyroid hormone synthesis

The most important objective of the current review is to present new evidence of the
paracrine regulation exerted by C cells upon follicular cells, through the secretion of
numerous factors synthesized by C cells in the immediate vecinity of the follicular
epithelium, which could act in a synergistic or antagonist manner. To accomplish that
objective, we will expose the functional role played by the most studied C-cell secreted
factors on the activity of follicular cells mediated through their specific receptors.

3.1. Calcitonin and calcitonin family of peptides

In 1961, Copp et al. were the first in postulating the existence of a hypocalcemic hormone
secreted by the thyro-parathyroid complex which was named calcitonin (CT) [67].
Subsequently, in 1963, Kumar et al. [68] confirmed the secretion of this hypocalcemic
hormone by the thyroid gland. The evidence that parafollicular cells contained calcitonin
was provided by immunofluorescent techniques in dog and pig thyroids [39], and these
findings led to the name of ‘C’ cells for parafollicular cells. In more recent years, however,
accumulating evidence supports the existence of nonthyroidal calcitonin or CT-like peptides
in brain, prostate and uterus, although their biological role is unknown [69].

Calcitonin is expressed in many species including fish, amphibians, reptiles, birds and
mammals, and it is normally a 32 amino acid peptide with a carboxy terminal proline amide
and a disulfide bridge between cysteine residues at positions 1 and 7 [70, 71]. The CT amino
acid sequence in the amino terminal loop region is highly conserved within species, but
displays less homologies in the rest of the sequence [69].

The hypocalcemic action of calcitonin is due to inhibition of bone resorption and to effects
on other tissues indirectly related to bone remodeling such as kidneys. Additional cellular
actions of calcitonin include its effect on the growth of breast cancer cells [72].
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Calcitonin is synthesized as a 136 amino acid precursor which is processed by proteolytic
cleavage and by amidation of the carboxy terminal proline residue before being secreted.
The gene transcript encoding CT also encodes calcitonin gene related peptide (CGRP),
another peptide in the CT family of peptides. The CT/CGRP gene was one of the first
described examples of tissue-specific alternative RNA processing, it has six exons, of which
the first four are spliced together to generate calcitonin mRNA in C cells, which encodes
calcitonin and katacalcin (CCP), while the transcripts from CT/CGRP gene in neurons are
processed into CGRP mRNA containing exons 1-3, 5 and 6 [30, 73] (see figure 5). In thyroid
C cells 95% of the transcripts encode calcitonin, while more than 98% of the transcripts

encode CGRP in the nervous system [69].
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Figure 5. Schematic representation of alternative RNA processing of CT/CGRP gene. Transcription of
the CT/CGRP gene produces a pre-mRNA, which has two polyadenylation sites. From the primary
transcript two different mRNAs are produced, one coding for the calcitonin (CT)/katacalcin (CCP)
precursor and the other coding for the CGRP precursor. The blue boxes indicate sequences

complementary to exons, the lines between them are the sequences complementary to introns and the
black boxes indicate the noncoding sequences of RNA.

The alternative product of the CT/CGRP gene, a neuropeptide referred to as CGRP, is a 37
amino acid peptide widely expressed in nerves in both the central and peripheral nervous
systems and in several neuroendocrine tissues [74]. CT and CGRP have some homologies in
the amino terminal region, but are almost entirely different in the rest of the molecule [74].
CGRP is a potent vasodilator, relaxant of mesangial cells and has functional roles in
response to painful stimuli [75].

CT interacts with a member of seven-transmembrane-domain G-protein-coupled receptor
superfamily cloned in 1991 [76]. High-affinity CT receptors (CTRs) were characterized on
isolated osteoclasts, the physiological CT target cells. Moreover, calcitonin receptors have
been identified in a variety of tissues, such as brain, testis, spermatozoa, kidney, skeletal
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muscle, breast cancer cell lines and human primary breast cancer cells [77]. Numerous
studies have demonstrated that multiple CTR mRNA isoforms are present in a number of
species. In humans, two isoforms (h-CTR1 and h-CTR?2) differing by a 16 amino-acid insert
in the first intracellular loop have been reported [78]. Finally, studies have revealed h-CTR2
expression in normal thyroid glands, in medullary thyroid carcinoma (MTC), and in a
model of human MTC cell line (TT), suggesting an autocrine regulation of CIR in C cells
[79]. Nevertheless, there is still no evidence of the CTR expression in follicular cells.

A family of receptors for CGRP and CT has been demonstrated throughout the nervous
systems of both man and rat. CGRP-specific binding sites have been found in the
cerebellum, spinal cord and other brain regions including vessels and pia mater. In contrast
to calcitonin receptors found in bone, these receptors are not linked to adenylate cyclase,
however, CGRP stimulates adenylate cyclase activity by acting at the calcitonin receptor in
more than one tissue. Furthermore, specific cAMP linked CGRP receptors have been
identified both in the intima and media of vessels as well as the atria and ventricles of the
heart [80]. Seifert et al. [81] demonstrated the presence of a novel specific receptor for CGRP
in the acinar cells of the pancreas. Finally, specific CGRP binding has also been
demonstrated on cloned lung and bone cancer cells [82].

CGRP has a double location in the thyroid, one in nerve fibers around blood vessels and
follicles and the other in C cells. This may suggest a functional role on the follicular cells;
however, it seems not to affect basal or TSH-stimulated thyroid hormone secretion [83]. In
contrast, CT, CGRP and katacalcin, which have been demonstrated to have no effect on
basal and TSH-stimulated thyroid hormone secretion when separately administered alone,
inhibited TSH-stimulated thyroid hormone secretion when the three peptides were applied
together [83]. Despite this, further studies about the CTRs or calcitonin like receptors (CLRs)
expression in follicular cells are necessary to dilucidate the role of CT/CGRP family peptides
in the thyroid gland function.

3.2. Somatostatin

Somatostatin (SS) was first identified in 1973 in ovine hypothalamus as a tetradecapeptide
(55-14) with a disulfure bond between 3 and 14 cysteines. Its main function was to inhibit
the release of growth hormone [84]. Subsequently, a big family of functional and structural
peptides related to somatostatin was discovered. Over the years several forms of
somatostatin depending on the tissue and species have been described.

SS-like immunoreactivity has been found in all vertebrates as well as in some invertebrate
species and in the plant kingdom. SS-producing cells occur at high densities throughout the
central and peripheral nervous systems, such as the hypothalamus, pituitary, cerebellum,
limbic lobe, retina, sympathetic ganglia and the vagus and sciatic nerves. SS-producing cells
have also been reported in the endocrine pancreas, the gut and in small numbers in the
thyroid, adrenals, submandibular glands, kidneys, prostate, and placenta [85-87].

SS has many physiological actions, it functions as a neurotransmitter in the brain with
effects on cognitive, locomotor, sensory, and autonomic functions [88]. Moreover, it has
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inhibitory effects on the endocrine system, gut exocrine secretion, adrenal glands, kidneys, and
on proliferation of lymphocytes, cartilage and bone precursor cells [86, 87, 89, 90]. Other effects
consist on the inhibition of the release of growth factors (IGF1, EGF, PDGF) and cytokines (IL6,
IFN-g) [91]. All of these diverse effects of SS can be explained by the inhibitory actions of the
peptide on two key cellular processes: secretion and cell proliferation.

The above-listed functions of SS are mediated by a family of receptors that recognizes these
ligands with different affinities [92]. Originally, five different somatostatin receptor types
(SSR1-5) were identified, cloned and found able to bind not only native SS forms (S5-14 and
55-28), but also their synthetic analogues [93]. SS receptors belong to the family of G
protein-coupled receptors, typically consisting of extracellular domains forming the ligand
binding site, a single polypeptide chain with seven transmembrane domains and
intracellular domains mediating signal transduction. Each SS receptor subtype mediates
different biological actions of SS, via the activation of different intracellular systems such as
inhibition of adenylate cyclase (with decrease of intracellular cyclic AMP levels), reduction
of intracellular calcium levels, and stimulation of phosphotyrosine phosphatase or MAP
kinase activity [94].

Within the thyroid, SS coexists with CT in a subpopulation of C cells, with a variable
extension. Thus, while the frequency for somatostatin-immunoreactive (SS-IR) CC varies in
rats throughout their lives, as they are scarce in the foetus, abundant at the time of birth and
scarce again in adults (see Figure 6) [33, 95-97], the majority of calcitonin immunoreactive
(CT-IR) CC in guinea pigs and rabbits are also SS-IR, besides positivity is seen in the
parathyroid gland [33]. On the contrary, SS-IR CC are observed very occasionally in normal
pig and human thyroid glands [98].

Figure 6. Inmunohistochemical demonstration of calcitonin (A), somatostatin (B) and serotonin (C) in
consecutive sections of the rat thyroid gland. Only a subpopulation of calcitonin-positive C cells is also
immunopositive for somatostatin. Serotonin is exclusively located in mast cells, being C cells negative in
the rat. (x400).

The effects of SS on the thyroid include the inhibition of the TSH-stimulated release of T4
and T3 [99], as well as the inhibition of TSH-stimulated radioiodine turnover accumulation
in thyroid glands of euthyroid volunteers [100]. SS inhibition of basal as well as TSH-
stimulated adenyl cyclase activity has been demonstrated in normal and neoplastic human
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thyroid tissues [101] as well as in cultures of human thyrocites [102]. Besides its effects on
thyroid function, suppression of thyroid follicular cell growth has been demonstrated by the
inhibition of both TSH and IGF-1 proliferative stimulation [103].

These evidences of the expression of SS in thyroid, more precisely limited to the C cells, and
the actions in the follicular cells have led us to the speculation that this peptide could elicit
local effects on thyroid hormone release acting locally in a paracrine fashion.

3.3. TRH

Thyrotropin-releasing hormone (TRH) is a tripeptide (pGlu-His-ProNH2) that was
originally described to be synthesized in the mammalian hypothalamus, released into the
hypothalamic—pituitary portal system and has the capability of inducing the release of
thyroid-stimulating hormone (TSH) from the anterior pituitary [104, 105]. TRH binds to
specific seven transmembrane domain, Gq/11-protein-coupled receptors of which, two
subtypes have been cloned and characterized so far: TRHR1 and TRH-R2 [106, 107]. The two
receptor subtypes exhibit similar affinities to TRH but different tissue distribution [108] and
basal activities [109].

Besides stimulation of TSH secretion at the pituitary, main role of TRH as key factor in the
hypothalamic-pituitary-thyroid axis, numerous morphological and pharmacological studies
have described TRH as neurotransmitter or neuromodulator in the CNS affecting behaviour,
temperature regulation, food intake, and nociception [110, 111]. Furthermore, as suggested
by the wide tissue-distribution of TRH and TRH receptors, TRH is implicated in many
physiological and pathological processes of prostate, pancreas, testis, adrenal gland, heart,
skin and thyroid tissues [112-119].

In the case of thyroid, it has been well established that C cells express TRH at both mRNA
and protein levels (see Figure 7) [36]. Furthermore, our research group have described that
C-cell cultures express TRH-R1 and TRH-R2, whereas only TRH-R2 subtype is expressed by
PC-CI3 rat thyrocytes [60]. It has also been reported that TRH inhibits the TSH-induced
increase of cCAMP and subsequent release of thyroid hormones by the dog thyroid gland
[120, 121], suggesting that TRH could participate in the regulation of thyroid hormone
secretion as an antagonist to TSH [122].

In accordance to this point, Rausell et al. in 1999 [122] found that the levels of TRH and
TRH-like peptides in the thyroid were strongly influenced by thyroid status. Furthermore,
Rausell et al. demonstrated that TRH exerted a direct effect on thyroid hormone release in
vitro [123] and administration of TRH to hyperthyroid patients with very low levels of TSH
resulted in decreased levels of circulating thyroid hormones [124].

Although the effects of TRH on thyroid hormone secretion could, at least in part, be due to
hypothalamic TRH, the results so far published in the literature and reviewed above would
open the possibility of a paracrine regulation of follicular cell activity through C-cell
released TRH as a putative additional mechanism for thyroid function.
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Figure 7. Immunofluorescent staining for calcitonin (A) and TRH (B) in rat thyroid tissue. All
calcitonin-immunopositive C cells are also immunopositive for TRH. (x400).

3.4. Ghrelin

Ghrelin, is a 28 amino-acid acylated-peptide with powerful GH-releasing, orexigenic and
adipogenic functions that, at hypothalamic level, regulates appetite, food-intake and energy
metabolism in mammals [125, 126]. Since its initial description in 1999 [125], a variety of new
functions for ghrelin have been characterized in the literature. Thus, apart from its GH-
releasing and orexigenic effects, ghrelin has been reported to influence sleep and behaviour
[127, 128], and the pituitary-gonadal axis at both peripheral [129] and central levels [130, 131].

The enteroendocrine cells of the stomach mucosa are the main source of circulating ghrelin
[132]. Ghrelin synthesis and plasma levels rise and fall in relation to food intake, increasing with
fasting and decreasing after eating [133, 134].Besides its gastric secretion, ghrelin is also
expressed in many other tissues and organs [38, 135, 136] and despite the fact that molecular
mechanisms have not yet been characterized, recent investigations have implicated ghrelin in
many pathological conditions of heart, bone, liver, kidney and, specifically thyroid tissues [137].

The first observation regarding the presence of ghrelin in thyroid tissue was that by
Kanamoto et al. in 2001 [138], describing the production of ghrelin in human medullary
thyroid carcinoma tissue. Also, Gnanapavan et al. in 2002 [139] showed a very low
expression of ghrelin at mRNA level and suggested to be carried-out by a very minor
thyroid cell-population in normal human thyroid tissue. Those findings were concordant to
those from Volante et al. [140] who failed to detect ghrelin-immunopositive cells in normal
human adult thyroid gland. This last fact, being probably due to the very scarce presence of
C cells in the human adult thyroid gland as compared to rats, where their percentage, in
relation to follicular cells, ranges from 4.5 to 10.4% [18]. These observations were supported
by the study by Raghay et al. in 2006 [38] in which ghrelin was described in the thyroid
gland to be synthesized only by C cells.

Moreover, the ghrelin functional receptor has been demonstrated to be expressed in the
neighbouring follicular cells [141], supporting, one more time the idea, increasingly found
in the literature, that C cells would modulate thyroid function [38, 60, 63, 64], in this case, in
a paracrine fashion, via ghrelin. Addressing this last point, up to date there are evidences
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that would help to elucidate some aspects of this putative new mechanism. Thus, Volante et
al. showed differences in ghrelin content in foetal and pathologic thyroid as compared to
normal adult glands, [140]. Moreover, Park et al. [141] demonstrated that ghrelin, via GHS-
receptor and calcium signalling, enhanced the TSH-induced proliferation of FRLT5 rat
follicular cells, suggesting the thyroid function as a target for ghrelin, via GHS-receptor and
protein kinase C, one of the key signal-pathways for thyroid follicular-cell function and
thyroid hormone synthesis [142].

In regard to the implication of ghrelin in thyroid hormone synthesis, after the demonstration
of the ghrelin receptor in human thyroid tissue [143], Kluge et al. [144] described a ghrelin-
mediated decrease in TSH levels and an increase of serum Ti, probably due to a ghrelin
direct stimulatory action on the thyroid gland. These results has been supported by a study
from our research group which have demonstrated that, effectively, ghrelin has a direct
effect on the three tissue-specific genes involved in thyroid hormone synthesis:
thryroperoxidase (TPO), Na*/I symporter (NIS) and thyroglobulin [144, 145]. This direct
effect on follicular-cell activity could be responsible for the effects observed at the
hypothalamus-pituitary-thyroid axis [144, 145].

3.5. CART

Cocaine and amphetamine related transcript (CART) is an abundantly expressed and
widely distributed neuropeptide that has been implicated in a number of physiologic
processes. The existence of a CART peptide fragment was first reported by Spiess et al. in
1981 in extracts of ovine hypothalamus as a somatostatine-like polypeptide [146], but its
functional significance was not explored further. Almost fifteen years later, Douglass et al.
found the first evidence of the existence of mRNA encoding neuropeptide CART in the rat
brain after psychostimulant drugs were administered [147].

CART gene is composed of 3 exons and 2 introns, with rats and mice having alternatively
spliced variants resulting in the production of two peptides, the longest of which has 129
amino acids (ICART) while the shortest is composed by 116 amino acids (SCART) [148]. The
C-terminal end of CART, consisting of 48 amino acid residues and three disulfide bonds, it
is thought to constitute the biologically active part of the molecule, and several fragments,
notably, rlCART 55-102 and rlCART 62-102, have been shown to be active in vivo. In
humans, only the short form is expressed (116 amino acids).

Distribution of CART mRNA and peptides has been demonstrated by several techniques
showing a wide distribution throughout the nervous system, including sensory processing
areas, central autonomic control areas, pathways involved in drug reward and
reinforcement (nucleus accumbeus, lateral hypothalamus and projections to dopaminergic
ventral tegmental area neurons), areas controlling feeding and body weight (hypothalamic
nuclei), and stress related brain regions [149-152]. Furthermore, CART expressing cells have
been found in the anterior pituitary, adrenal gland, islets of Langerhans, myenteric plexus of
small intestine and in the ovary [153, 154]. Wierup et al. [155] reported for the first time the
existence of CART IR in C cells in the porcine thyroid, in addition to porcine pancreas,
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gastrointestinal tract and adrenal gland, thus suggesting that the widespread expression of
CART reveals a role for CART as modulator of neurohormonal functions.

Besides as nervous system neurotransmitters , CART peptides have been implicated in the
regulation of feeding and body weight, drug reward and reinforcement and other processes
[156]. They also have neuroprotective properties and promote the survival and
differentiation of neurons in vitro [157]. Moreover, there is some evidence of its role as a
modulator of anxiety and stress response [158].

While the importance of CART peptides is clear, little is known about the cellular mechanisms
by which CART exert their effects. No receptor for CART peptides has yet been identified, but
some cellular effects have been observed, such as the induction of c-Fos activity in brain areas
that are related to feeding and energy expenditure [159] or the induction of phosphorylation of
ERK in AtT20 cells [160] which activates the MAP kinase pathways.

Due to important CART roles in the regulation of food intake and energy balance, where the
thyroid plays a relevant function, several studies have been focused in the effects of CART
in the regulation of Hypothalamus-Pituitary-Thyroid axis (HPT) and whether the thyroid
status could regulate the expression of CART in the hypothalamus. CART-IR neurons in the
paraventricular hypothalamic nucleus are reported to co-express thyrotropin releasing
hormone (TRH) in rats, this neuronal populations co-containing TRH and CART project
their axons to the median eminence, suggesting that CART peptides may have an important
role in the regulation of thyroid-stimulating hormone (TSH) in the anterior pituitary [161].
In 2002, Lopez et al. [162] demonstrated the existence of functional interrelations of the HPT
axis with CART peptides. In other studies, the importance of the CART signaling system in
the regulation of the HPT axis is suggested by the potent stimulatory effect of CART on the
TRH gene expression of hypophysiotropic neurons [163]. Intracerebroventricular
administration of CART increases TRH mRNA in hypophysiotropic neurons of fasting
animals, and CART increases TRH content and release of hypothalamic cells in vitro [163].
These results together with those from Wierup et al. [155] described above provide the basis
for future studies of the role played by C-cell secreted CART on thyroid function.

3.6. Serotonin

Serotonin or 5-hydroxytryptamine (5-HT) is a biogenic amine synthesized by serotonergic
neurons of the CNS, pineal gland and enterochromaffin cells of the gastrointestinal tract of
humans and other mammals. Serotonin was isolated for the first time by Rapport et al. in
1948 [164] as a vasoconstrictor plasma agent. In fact, platelet serotonin is released to blood
clots contributing to the haemostasis regulation. Serotonin synthesized by enterochromaffin
cells is mainly involved in intestinal motility, whereas that synthesized in CNS acts as a
neurotransmitter implicated in the regulation of mood, appetite, sleep, memory and
learning. Besides, serotonin has antidepressant actions and regulates behaviour,
cardiovascular function, muscle contraction, endocrine activity and body temperature [165].

Serotonin is derived from the essential amino acid L-tryptophan. The biosynthetic pathway
of serotonin has two enzymatic steps: the first is catalyzed by the enzyme tryptophan-
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hydroxylase (TPH), which converts the tryptophan in 5-hydroxytryptophan (5-HTP), while
the second is catalyzed by an amino-acid decarboxylase which removes a carboxyl group
from 5-hydroxytryptophan, forming 5-hydroxytryptamine or serotonin. TPH has been
shown to exist in two forms: TPH1, found in several tissues, and TPH2, which is a brain-
specific isoform [58].

In 1960, Giarman and Freedman confirmed that the pineal gland was the richest site of
serotonin in the brain [166]. This discovery suggested the pineal gland as an important site
of serotonergic activity. In the pineal gland, much of this serotonin is acetylated and then
methylated to yield melatonin during the night. In fact, there are day-night variations in
pineal serotonin-content which is low at night, as opposite to plasmatic melatonin, which is
low during the day and increases to a peak during the night [167].

Many regulatory factors that control thyroid activity at hypothalamic level have been
described. Specifically, serotonin stimulates hypothalamic TRH production, leading to an
increase in TSH production from the pituitary. Adequate serotonin production is necessary
to maintain thyroid hormone levels. In fact, in depressed patients with low levels of
serotonin, treatment with thyroid hormones has increasing effects on selective serotonin re-
uptake inhibitors (SSRI) [168].

In normal mouse and rat thyroid glands, serotonin is stored as a component of mast-cell
granules (see Figure 6C) [169, 170]. Variations on mast-cell exocytosis and serotonin-content
seem to be chronobiologically-linked to circadian variations of thyroid activity [169]. In rats,
thyrotropin induces a gradual amine release from mast cells within the thyroid gland, where
5-HT stimulates thyroid blood flow and/or vascular permeability [170, 171]. In addition, a 5-
HT-inactivating transporter (SERT), identical to that of serotonergic neurons has been found
in follicular cells of several mammals [172]. Furthermore, follicular cells express specific 5-
HT2 receptors through which serotonin modulates TSH response and stimulates thyroid
hormone synthesis [58].

Besides mast-cell synthesis, serotonin is also expressed by thyroid C cells of different
mammal species, however, as far as we know only sheep, goats, cows, bats and marmosets
apparently convert endogenous 5-HTP into 5-HT [173-175]. Mice and rats belong to these
many species in which endogenous 5-HT has not yet been found in adult C cells, unless the
thyroid gland is pretreated with 5-HTP. C cells store serotonin in the same secretory
granules as calcitonin [41, 176], where 5-HT is linked to a specific protein called serotonin-
binding-protein (SBP) [41, 177-179]. Furthermore, C cells have been proposed as a
serotonergic neuron study model since they exhibit some properties of serotonergic
neurons, including biosynthesis and storing of serotonin and regulated release and
expression of both the 5-HT autoreceptor and the 5-HT transporter [180]. Finally, C cells
have been demonstrated to be stimulated by both: extracellular calcium and, in the same
way to that described for mast cells, by TSH; these results support the putative regulatory
role of the C-cell secreted serotonin [181].

The effects observed on thyroid function could be partly due to extrathyroidal serotonin
and, on the other hand, serotonin-synthesis is not a general feature of C cells of every animal
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model. Nevertheless, in accordance to the literature published so far, C-cell secreted
serotonin could be, at least for some animal models, considered as a local factor involved in
the control of the follicular-cell activity through the hypothalamic-pituitary-thyroid axis.

3.7. Melatonin

Melatonin, chemically known as N-acetyl-5-methoxytryptamine, is an indoleamine
rhythmically secreted by the pineal gland and involved in the regulation of circadian and,
sometimes, seasonal rhythms [182]. Although it was originally discovered as a skin-lightening
molecule acting on frog and fish melanocytes [183], melatonin is present in all vertebrates and
is also produced by bacteria, protozoa, plants, fungi and invertebrates [184, 185].

Pineal melatonin biosynthesis, that takes place during the night, it is activated by
norepinephrine through its specific receptor located in the membranes of pinealocytes and
consists of four enzymatic reactions. The first two are common to the synthesis of serotonin.
Then, serotonin is converted to N-acetylserotonin (NAS) by the enzyme arylalkylamine N-
acetyltransferase (AANAT) [186]. NAS is subsequently methylated by hydroxyindole-O-
methyltransferase (HIOMT) to form melatonin [187] (see Figure 8).

Melatonin has a wide spectrum of biological activities and it is considered as a pleiotropic
compound with important chronobiotic properties. This indoleamine has the capacity to
resynchronize circadian rhythms [188-190] and regulate sleep-wake-cycles [191]. Besides
playing an important role as a transmitter of photoperiodic information, melatonin has well-
characterized antioxidant capacities, either, directly as a free-radical neutralizer or,
indirectly by enhancing the activity or the expression of antioxidant enzymes [192, 193]. In
certain aspects, related to these last activities, there is evidence in the literature that
describes potential anti-aging and anticarcinogenic effects for melatonin [194].

Action mechanisms of melatonin are very varied. In this respect, this hormone can bind to
specific G-protein coupled membrane receptors, of which there are two subtypes in
mammals: melatonin-receptor 1a (MTi) and melatonin-receptor 1b (MT2) [195]. MT: and
MT2 possess high-affinity binding sites for melatonin and are widely distributed in CNS and
in a wide-spectrum of peripheral tissues [196, 197]. Furthermore, and in addition to its
abilities as a free-radical scavenger described above, melatonin has been described to
interact with nuclear receptors [198, 199] as well as cytoplasmic proteins such as calmodulin
and protein kinase C.

Since its discovery, melatonin had been considered an exclusive hormone of the pineal
gland. However, numerous published studies have changed this view, describing many
extrapineal tissues, such as retina [200], Harderian gland [201], gut [202], ovary [203, 204],
immune system [205, 206], skin [207], and testes [208], as melatonin synthesizers.

Moreover, melatonin has also been found in the rat thyroid-gland, specifically,
immunopositive C cells for melatonin have been detected [45]. Furthermore, our research
group has recently demonstrated endogenous melatonin biosynthesis by rat thyroid C cells
through the expression of the two key melatonin biosynthetic enzymes, AANAT and
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HIOMT and, moreover, melatonin membrane receptors have also been found in the rat
thyroid gland, specifically, on follicular-cell and C-cell membranes [209] (see Figure 8).

Figure 8. Immunolocalization of AANAT in a rat C-cell line (CA77) (A), and melatonin receptor (MT1)
in a follicular-cell line (PC-Cl3) (B) by immunofluorescence.

Many effects of melatonin on the thyroid gland have been described so far in the literature.
In rodents, high doses of melatonin inhibit basal and TSH-stimulated mitotic activity of
thyroid follicular cells in vivo and in primary culture [210]. Besides, melatonin has a direct
inhibitory effect on Ts4secretion and, also, depresses the response of the thyroid to TSH [211].
Furthermore, melatonin plays a protective role against oxidative stress in the rat thyroid
gland [212-214].

As regard to the latter, reactive oxygen species (ROS) are deeply involved in cellular
processes of the thyroid gland. Follicular cells are subjected to high oxidative stress since
they require hydrogen peroxide (H202) for thyroid hormones biosynthesis and moreover, a
large number of diseases associated with H2O2 accumulation in the thyroid gland have been
described. For example, H:0: participates in the Wolff-Chaikoff's effect and in
hypothyroidism caused by iodine excess in the thyroid [213]. Melatonin has been suggested
to be able to directly scavenge H2O: [215]; in accordance to this last point melatonin
synthesized by C cells might play a role in thyroid antioxidant defense against oxidative
stress. Endogenous synthesized intrathyroidal melatonin could, thus, be a kind of local
regulator that could regulate redox homeostasis and modulate thyroid function [216].

3.8. Other C-cell secreted peptides

The data presented here describe, according to our criteria, the most significant regulatory
factors produced by C cells and their effects and pathways involved on follicular-cell
activity according to the literature. Nevertheless, as illustrated in the present review, the list
of C-cell secreted peptides and their putative paracrine functions on follicular cells is
constantly being enlarged.
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In addition to those described along the present chapter, and despite the fact that there is
still limited evidence in the literature, there is a small group of regulatory factors such as
bombesin/GRP, CCK (cholecystokinin) and helodermin, that should be observed as
potential new candidates for thyroid local-modulators.

Bombesin/GRP (gastrin-releasing peptide) was first described as being expressed by
neoplastic C cells from MTCs by the group of Kameya et al. In 1983 [217]. Moreover, Ahren
in 1989 [57] confirmed that GRP had the capacity to stimulate both basal and TSH-
stimulated thyroid hormone secretion in mice. Furthermore, differences in GRP synthesis
among developing thyroid C cells, normal adult C cells, and neoplastic C cells led Sunday et
al [32] to hypothesize that C-cell GRP gene-expression might play a role in both normal and
neoplastic growth processes.

In the case of CCK, its expression in C cells was described by Arias et al. in rat thyroid gland
[42]. Recently, its receptor CCK2R, which is shared with gastrin, has been described to be
expressed at different intensities in normal and malignant C cells by Blakér et al. [218]. No
additional data has been published with regard to the putative functional role of CCK
signalling in thyroid, however, there are initial encouraging therapeutic results with the use
of CCK/Gastrin R2-binding peptides in patients with MTC [219, 220].

The last factor from this “other” group is the amidated peptide helodermin. Originally
isolated from Heloderma suspectum [221, 222], helodermin was described to be expressed by
rat C cells by Grunditz et al. in 1999 [35]. Furthermore, these authors reported dose and time
course experiments which showed a consistent stimulatory effect of helodermin on thyroid
hormone synthesis.

Although some of these data seemed to have well-characterized new pathways for C-cell and
thyrocytes interrelationships, surprisingly no further studies that illustrated new insights for
this evidence have been reported so far. Therefore, to our knowledge, future studies are still
necessary to finally clarify their involvement in thyroid function and homeostasis.

Figure 9. Schematic diagram of the different mechanisms of regulation of the synthesis of thyroid
hormones by follicular cells.
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4. Conclusion

In conclusion, according to the data published so far in the literature and revised through
this chapter, a number of regulatory factors are produced at thyroid level by C cells and

have direct effects on follicular-cell activity at both proliferative and thyroid hormone
synthesis levels (Figure 9). These new paracrine regulatory mechanisms would justify, from
a phylogenetic point of view, the parafollicular localization of C cells in mammals and might
open new molecular approaches for the treatment of human thyroid disease.
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